We study spatial noise correlations in a Si/SiGe two-qubit device with integrated micromagnets. Our method relies on the concept of decoherence-free subspaces, whereby we measure the coherence time for two different Bell states, designed to be sensitive only to either correlated or anti-correlated noise respectively. From these measurements, we find weak correlations in low-frequency noise acting on the two qubits, while no correlations could be detected in high-frequency noise. A theoretical model and numerical simulations give further insight into the additive effect of multiple independent (anti-)correlated noise sources with an asymmetric effect on the two qubits. Such a scenario is plausible given the data and our understanding of the physics of this system. This work is highly relevant for the design of optimized quantum error correction codes for spin qubits in quantum dot arrays, as well as for optimizing the design of future quantum dot arrays.
Large-scale quantum computers will need to rely on quantum error correction (QEC) to deal with the inevitable qubit errors caused by interaction with the environment and by imperfect control signals. The noise amplitude can vary from qubit to qubit and furthermore can exhibit correlations or anti-correlations between qubits. Most QEC error thresholds, such as the 1%-threshold for the surface code [1] , are derived under the assumption of negligible correlations in qubit errors. Other approaches such as decoherence-free subspaces (DFSs) [2] are designed under the assumption of correlated noise, taking advantage of symmetry considerations to reduce the qubit sensitivity to external noise. Examples for quantum dot based qubits include the singlet-triplet qubit [3, 4] and the quadrupole qubit [5] . In addition, QEC schemes exist that can deal with short-range correlations in the noise [6] . Spatial noise correlations have therefore been studied extensively, both theoretically [7] [8] [9] [10] [11] [12] [13] and experimentally [10, 14, 15] .
Semiconductor quantum dots are promising hosts for spin qubits in quantum computation [16] , because of their favorable scaling and excellent coherence properties. Silicon, in particular, has excellent properties for long-lived spin qubits: intrinsic spin-orbit coupling is weak and hyperfine interaction is small [17] . The hyperfine interaction can even be reduced further by isotopic purification. In addition, silicon quantum dot fabrication is largely compatible with conventional CMOS industry, which allows large-scale manufacturing of silicon spin qubits and on-chip integration of classical control electronics [18] . In recent years, significant progress has been made with silicon spin qubits, showing tens of milliseconds coherence times [19] , high-fidelity single- [19] [20] [21] and twoqubit gates [22, 23] , quantum algorithms [24] , strong spin-photon coupling [25, 26] and long-distance spin-spin coupling [27] .
The most important decoherence sources in natural silicon quantum dots are the hyperfine interaction with nuclear spins and charge noise. Nuclear spin noise is typically uncorrelated between adjacent dots [28] . Charge noise is usually caused by distant fluctuating charges [29] [30] [31] , which is expected to lead to spatial correlations on the length scale of interdot distances of 100 nm or less. In the presence of a magnetic field gradient, which is commonly used for qubit selectivity and fast qubit control, qubits are sensitive to electric field fluctuations and charge noise will impact spin coherence [20, 32] . However, a quantitative measurement of spatial noise correlations in an actual two-qubit device is lacking.
Here we study experimentally spatial noise correlations in a Si/SiGe two-qubit device, by preparing Bell states in either the parallel or the anti-parallel subspace, similarly to recent work with NV centers in diamond [33] . Via a Ramsey-style experiment, we find that Bell states in the anti-parallel subspace show a ∼30% longer dephasing time than those in the parallel subspace. A Hahn-echo style measurement reveals no detectable difference in the decay time for the respective Bell states. We present a simple model to describe noise correlations on two qubits, including asymmetric noise amplitudes acting on the two qubits, and study numerically the combined effect of multiple (anti-)correlated, asymmetric noise sources. We use these simulations to assess which combinations of noise sources are compatible with the observed coherence times.
Figure 1(a) shows a schematic of the device used in this work, which is the same as described earlier [22, 24] . It comprises an electrostatically defined double quantum dot (DQD) in a two-dimensional electron gas (2DEG). The 2DEG is confined in a 12-nm-thick silicon quantum well, 37 nm below the surface of an undoped Si/SiGe heterostructure with natural isotope composition. On E z,2 -E z,1 E z,2 + E z,1 top of the heterostructure, we fabricate two gate layers with cobalt micromagnets. The device is cooled down to T ≈ 30 mK and subject to an external magnetic field of B ext = 617 mT. Suitable voltages are applied to accumulation and fine gates (in the top and bottom layer, respectively) to form a DQD in the single-electron regime. Single-electron spin states are Zeeman split by the total magnetic field, and used to encode two single-spin qubits. The micromagnets ensure individual qubit addressability by a gradient in the longitudinal magnetic field, resulting in spin resonance frequencies of 18.35 GHz and 19.61 GHz for qubit 1 (Q1) and qubit 2 (Q2), respectively. Figure 1 (b) shows the resulting energy level diagram for the two qubits. For perfectly correlated noise, fluctuations in the Zeeman energy for both qubits are the same: δE Z,1 = δE Z,2 = δE Z . Consequently, the sum of the two qubit energies fluctuates, ∆(E Z,1 + E Z,2 ) = 2δE Z , while their difference is not affected, ∆(E Z,1 − E Z,2 ) = 0. On the other hand, for perfectly anti-correlated noise δE Z,1 = −δE Z,2 , and the opposite holds for the sum and difference energies. Therefore, an anti-parallel Bell state, which evolves in time at a rate proportional to the difference of the single-qubit energies, will be affected by anti-correlated noise, but not by correlated noise. A parallel Bell state, which evolves in time at a rate proportional to the sum of the single-qubit energies, is sensitive to correlated noise, but not to anti-correlated noise. Such properties are exploited in DFSs and are used here as a probe for spatial correlations in the noise acting on the qubits.
Real systems are often subject to both uncorrelated and (anti-)correlated noise. Furthermore, the noise amplitudes acting on different qubits are generally different, regardless of whether the noise is uncorrelated or (anti-) correlated. We wish to capture all these scenarios in one unified theoretical formalism. We include pure dephasing only, which is justified by the long T 1 times for spin qubits compared to the experiment and coherence timescales, and assume a quasi-static Gaussian joint probability distribution for the noise acting on the two qubits. We can then express the two-qubit coherence times for an anti-parallel (|Ψ = (|↓↑ − i |↑↓ )/ √ 2) and a parallel (|Φ = (|↓↓ − i |↑↑ )/ √ 2) Bell state quantitatively as follows (see Supplemental Material [34] ):
where σ The effect of the noise amplitudes σ i and the correlation factor ρ on the coherence time for the anti-parallel Bell state T * 2,|Ψ is visualized in Fig. 2(a) . Here σ 1 = σ 2 , so for ρ = 1, |Ψ forms a true DFS and the noise has no effect regardless of its amplitude. With decreasing ρ, T * 2,|Ψ decreases, as the noise becomes initially less correlated (ρ > 0), then uncorrelated (ρ = 0) and eventually anti-correlated (ρ < 0). For ρ = −1, T corresponding image is mirrored around ρ = 0, see the inset of Fig. 2a , and the longest coherence time occurs for ρ = −1. Figure 2 (b) shows the effect of asymmetric noise amplitudes on the two qubits for ρ = 1. We see that despite the maximal correlation factor, a true DFS only exists for symmetric noise (σ 1 = σ 2 ) and |Ψ decoheres when σ 1 = σ 2 . Clearly, both the asymmetry in the noise and the correlation factor impact the two-qubit coherence.
From Eq. 1, we see that, as anticipated, experimental measurement of the decay times for the parallel and antiparallel Bell states reveals whether (anti-)correlations in the noise acting on the two qubits are present. In order to quantify the correlation factor ρ, measurements of the single-qubit decay time are needed as well. We now summarize the experimental procedure; for more information on the measurement setup and individual qubit characteristics, see the Supplemental Material [34] and Ref. [24] . Q2 is initialized and read out via spin-selective tunneling to a reservoir [35] . Initialization of Q1 to its ground state is done by fast spin relaxation at a hotspot [36] , and readout of Q1 is performed by mapping its spin state onto Q2 via a controlled-rotation (CROT) gate followed by spin read-out of Q2 [24] . For single-qubit driving we exploit an artificial spin-orbit coupling, induced by cobalt micromagnets, for electric dipole spin resonance (EDSR) [37] . The two-qubit gate relies on the exchange interaction between the two qubits, controlled by gate voltage pulses. We operate in the regime where the Zeeman energy difference between the two qubits exceeds the two-qubit exchange interaction strength, hence the native two-qubit gate is the controlled-phase gate [24, 38, 39] .
Concretely, we perform two-qubit measurements analogous to the measurement of Ramsey fringes to measure the decay of Bell state coherences over time [12] . As shown in the circuits in Figs. 3(a,c), we prepare |Ψ or |Φ and after a varying free evolution time we reverse the sequence to ideally return to the |00 state. In every run of the experiment, we measure both spins in single-shot mode and determine the two-spin probabilities from repeated experiment runs. The two-spin probabilities are normalized and a Gaussian decay is fit to the |00 return probability. To improve the fit of the decay, we add an evolution-time dependent phase to the first microwave pulse applied to Q2 after the delay time, so that the measured |00 probability oscillates. We first test the measurement procedure via artificially introduced dephasing from random rotations of each spin around its quantization axis, implemented in software via Pauli frame updates. As seen in Fig. S1 in the Supplemental Material [34] , the decay observed for the anti-parallel (parallel) Bell state is independent of the noise amplitude when the same (opposite) random rotations are applied to both spins, but increases when opposite (the same) random rotations are applied to the two spins, as expected. This validates the measurement protocol. 
(a,c) Circuit diagrams for two-qubit experiments analogous to the measurement of Ramsey fringes. The gate sequences are designed such that single-qubit rotations are always applied simultaneously to both qubits, avoiding idle times that would lead to faster dephasing. Here CZij |m, n = (−1) δ(i,m)δ(j,n) |m, n for i, j, m, n ∈ {0, 1} [24] . (b,d) Typical |00 return probability as a function of delay time for (b) |Ψ and (d) |Φ . The data are fit with a sinusoidal function with Gaussian decay, P |00 ∝ e
. Error bars are based on a Monte Carlo method by assuming a multinomial distribution for the measured two-spin probabilities and are ±1σ from the mean [24] . (e) Scatter plot of decay times for |Ψ and |Φ for two measurement runs separated by ∼50 hours (points and crosses). Every data point is averaged over ∼100 minutes. The average coherence times are 513 ± 8 ns and 387 ± 6 ns for |Ψ and |Φ , respectively. Error bars are ±1σ from the mean. Figures 3(b,d) show typical decay curves for |Ψ and |Φ , respectively, when subject to natural noise only. A scatter plot of repeated measurements, Fig. 3(e) , shows a systematically longer T * 2 for |Ψ than for |Φ , indicating correlations in the noise. Using Eq. 1, derived for quasistatic noise, we can extract from the decay of |Ψ and |Φ a lower bound for the correlation factor, ρ ≥ 0.27 ± 0.02 (see Supplemental Material [34] ). In order to go beyond a lower bound and determine an estimate of ρ from Eq. 1, we also need at least one of the single-qubit dephasing times, which we measured to be T * 2,1 = 0.97 ± 0.02 µs and T * 2,2 = 0.59 ± 0.02 µs. Using both single-qubit T * 2 s in Eq. 1 gives an overdetermined system of equations. We proceed by keeping T * 2,1 /T * 2,2 equal to the measured ratio, and obtain a modest correlation factor, ρ = 0.31 ± 0.03 (see Supplemental Material [34] ). In other experimental runs performed on the same sample, but separated in time by several months and with different gate voltage settings, we observed even smaller correlation factors.
We note that in keeping T * 2,1 /T * 2,2 fixed, Eq. 1 returns a value for σ 1 and σ 2 that is ∼15% larger than the measured value. The discrepancy may be in part due to the fact that the simple model that leads to Eq. 1 assumes quasi-static Gaussian noise. This is a commonly made assumption in simple models of silicon spin qubits, but various experiments showed higher frequency noise to be relevant as well [19, 21, 24] . In order to gain insight into the frequency dependence of the spatial noise correlations, we perform measurements analogous to Hahn echo measurements. Here the delay times seen in the circuit diagrams of Fig. 3(a,c) contain 180 degree rotations around thex orŷ axis applied to the two qubits, which reverse the time evolution resulting from static noise contributions (see the Supplemental Material [34] for circuit diagrams and details). The results are presented in Fig. 4 . The echo pulses prolong the two-qubit coherence times by a factor of ∼ 4−5. We do not, however, observe a systematic difference in the echo decay times for the parallel versus anti-parallel Bell states, meaning there are no detectable spatial correlations in higher-frequency noise, and the correlations found in the Ramsey-style measurements of Fig. 3 are mostly present in the low-frequency part of the spectrum.
To interpret the weak spatial correlations in the noise observed in the experiment, we first make a few observations. Multiple independent noise sources that each produce perfectly correlated noise (ρ = 1) acting with the same relative amplitude on the two qubits, are equivalent to a single (stronger) source of perfectly correlated noise acting with this same relative amplitude on the two qubits. However, the effect of multiple independent asymmetric, correlated noise sources acting with randomly distributed relative amplitudes on the two qubits, rapidly becomes indistinguishable from uncorrelated noise. This is illustrated in an example simulation of the combined effect of three asymmetric, correlated noise sources, shown in the Supplemental Material [34] . As a more extreme example, the combination of perfectly correlated and perfectly anti-correlated noise with equal amplitude, is equivalent to uncorrelated noise. All of these effects are described by (see Supplemental Material [34] ):
where σ − and σ + are the standard deviations of the distributions of fluctuations in the difference and sum of the frequencies of the two qubits, respectively, and α i,j is the coupling strength of noise source i to qubit j. We now discuss the effect of the known noise mechanisms acting on spin qubits and the expected spatial correlations for each mechanism. Fluctuating background charges in the substrate, interfaces or dielectrics directly affect the qubit splitting because of the magnetic field gradient produced by the micromagnets. When these charges are located close to the dots, they will generally couple differently to the two qubits, introducing asymmetric noise. Specifically for charge fluctuators located in between the two dots, even anti-correlated noise may result. For distant charges, the coupling becomes more symmetric, but several factors can lead to asymmetric noise amplitudes even in this case, for instance a difference in the confining potential between the two dots or a difference in the strength of the local magnetic field gradient. We have clear evidence of a pronounced difference in the confining potential of the two dots in this sample, based on the sensitivity of the respective qubit splittings to changes in gate voltages (see Supplemental Material [34] ). Similar considerations apply to the effect of gate voltage noise, which also couples to the qubit splitting through the magnetic field gradient. Another important noise source in this natural silicon substrate is hyperfine interaction with nuclear spins, for which little or no spatial correlations are expected [28] .
Our expectations for the spatial noise correlations based on our understanding of the system physics are consistent with the experimental results and our theoretical observations on the combined effect of multiple noise sources. A picture emerges where noise from multiple distant charge fluctuators that affect the qubits asymmetrically due to their different confining potentials, is responsible for the (weak) spatial noise correlations at low frequency. Additional uncorrelated noise is introduced by the coupling to the nuclear spins.
In summary, we have presented an experimental study of spatial noise correlations based on the coherence of Bell states in a Si/SiGe two-qubit device. Experimentally we observe small spatial correlations in low-frequency noise, while for higher-frequency noise correlations appear to be absent. Our findings on the importance of asymmetric coupling of noise sources to two (or more) qubits can be exploited for reducing or enhancing spatial correlations in the noise in any qubit platform. For the case of spin qubits in quantum dots, this can be done for instance through a device design with engineered differences in confining potential or magnetic field gradient. In this respect, qubits encoded in two-electron spin states in dotdonor systems offer an extreme difference in confining potential [40] . We anticipate that the optimization of future quantum error correction codes will go hand in hand with the design of qubits that either maximize or minimize spatial noise correlations.
Data supporting the findings of this study are available online [41] . 
MEASUREMENT SETUP
The measurement setup used in this work is the same as the setup used by Watson et al. [24] and Xue et al. [22] . The measurements were done at a temperature of T ≈ 30 mK in an external magnetic field of B ext = 617 mT. DC voltages are set via filtered lines from room-temperature digital-to-analog converters. Tektronix 5014C arbitrary waveform generators (AWGs) are connected to gates P1 and P2 via coaxial cables for gate voltage pulses. Keysight E8267D vector microwave sources are connected to gates MW1 and MW2 for EDSR. I/Q input channels of the microwave sources are connected to a master AWG to control frequency, phase and duration of the microwave bursts via I/Q modulation. The phase of the microwave drive signal determines the rotation axis in thex −ŷ plane of the Bloch sphere, and we update the rotating reference frame in software to performẑ rotations [42] . Pulse modulation is used to increase the on/off ratio of the microwave bursts. The master AWG also controls the clock of the entire system and triggers all the other instruments. Data acquisition is done by a Spectrum M4i.44 digitizer card that is installed in the measurement computer. This card records the sensing dot current traces at a sampling rate of ∼60 kHz after passing through a 12-kHz Bessel low-pass filter (SIM965). Threshold detection is used to convert each trace to a single bit value (0 or 1) by the measurement computer. F |Ψ − 0.88±0.02 [24] F |Φ + 0.85±0.02 [24] F |Φ − 0.89±0.02 [24] TABLE S1. Relevant single-qubit characteristics for simultaneous driving of both qubits, and Bell state fidelities F for the four Bell states. All errors are ±1σ from the mean.
QUBIT CHARACTERISTICS
An upper bound on the residual exchange during single-qubit gates and free evolution of 100 kHz is determined, using the methods of Watson et al. [24] .
ii NOISE MODEL
We model the two-qubit system by the Hamiltonian:
where h is the Planck constant,
is the Larmor frequency for qubit i, g is the electron g-factor, µ B is the Bohr magneton, B i is the total magnetic field at the position of qubit i and σ Z i is the Pauli Z operator for qubit i. The two qubits are subject to dephasing noise, which we model as a fluctuating qubit frequency f i . We assume Gaussian distributed noise with zero mean and covariance matrix Σ:
where σ 2 i is the variance of the noise in f i , and ρ (−1 ≤ ρ ≤ 1) is a correlation factor. Positive ρ indicates correlations, while negative ρ indicates anti-correlations. We obtain the unitary time evolution operator by exponentiating the Hamiltonian:
where = h 2π . Assuming quasi-static noise, we average over this unitary transformation by integrating over the joint probability distribution function:
The relevant expressions for anti-parallel (|Ψ ) and parallel (|Φ ) Bell states are:
so the decay for anti-parallel and parallel Bell states is Gaussian with associated time scales (Eq. 1 of the main text):
Noting that in the case of Gaussian quasi-static noise for single-qubit decay
2 σ 2 i , these expressions can be rewritten in terms of single-qubit coherence times:
Subtracting Eq. S7 from Eq. S8, we express the correlation factor ρ in terms of the single-and two-qubit coherence times as:
iii In addition, Eqs. S7 and S8 allow one to formulate a sum rule, and to define a violation parameter ∆ s (with dimensions of a rate) that quantifies the difference between the model and experimental results:
In this work, the four coherence times T * 2,1 , T * 2,2 , T 2,|Ψ and T * 2,|Φ are obtained individually and for matching model and experimental data ∆ s = 0.
The model presented before assumes quasi-static noise. Without presenting the details here, a similar sum rule with corresponding violation parameter ∆ f can be obtained for non-quasi-static noise:
The violation parameter ∆ f is based on a sum rule for non-quasi-static noise, so coherence times obtained from exponential fits (P |00 ∝ e −t/T * 2 ) have to be used in this expression.
METHOD VERIFICATION
To verify the method used in this work, we inject artificial noise in the experiments by applying random software Z rotations to the qubits and measure the coherence times for |Φ and |Ψ . These rotations are implemented by adding an evolution time dependent phase to the first microwave pulse after the waiting time, in addition to the phase to improve the fit of the decay. The frequency fluctuations corresponding to this extra phase are sampled from a Gaussian distribution with varying standard deviation. Adding (anti-)correlated noise is expected to have an effect on |Φ (|Ψ ), but not on |Ψ (|Φ ). The results of this control experiment are shown in Fig. S1 . Despite the large error bars on some of the data points, we clearly observe the expected trend, showing the method to be reliable In the origin no noise is added, so this measurement only includes naturally existing noise. Moving to the right (left) on the horizontal axis, we increasingly add (anti-)correlated noise. Data points result from a fit to Gaussian decay,
. Error bars are ±1σ from the mean. The solid lines represent a theoretical prediction.
BELL STATE FIDELITY
The Bell state fidelity does affect the method used in this work. Imperfect Bell state initialization results in a finite amplitude for other off-diagonal elements of the density matrix than those of interest, which mixes in decays with iv different characteristic time scales. In the present experiments, the Bell states have not been characterized, but from the Bell state density matrices presented in the Supplementary Information of Watson et al. [24] , we estimate the amplitudes of the not-intended density matrix elements to not exceed ∼19% of the elements of interest and most of them are much smaller. In our experiments we do not see clear deviation from a single decay.
QUANTIFYING CORRELATIONS
In case the experimental data is not fully consistent with the simple quasi-static model, as quantified by the violation parameter ∆ s in Eq. S10, it is still possible to use this model to extract quantitative information on the correlations in the noise acting on the qubits based only on the two-qubit coherence times. From Eqs. S7 and S8, given the two-qubit coherence times, effective single-qubit coherence times can be calculated as: 
ADDING MULTIPLE INDEPENDENT NOISE SOURCES
To derive Eq. 2 of the main text, consider a single noise source i with coupling strength α i,1 and α i,2 (which can be expressed for instance in units of MHz/mV, if noise source i is expressed in units of mV) to qubit 1 and qubit 2 respectively. The noise source fluctuates with standard deviation σ. The standard deviations of the fluctuations in the difference (f 1 − f 2 ) and sum (f 1 + f 2 ) of the frequencies are then given by:
For N independent noise sources the combined standard deviation is given by:
Combining Eqs. S16 and S17 gives:
where we absorb differences in standard deviations between noise sources in the coupling strengths. Since T * 2 ∝ 1 σ , this yields Eq. 2 of the main text:
vi
SIMULATION OF MULTIPLE ASYMMETRIC NOISE SOURCES
The result of a simulation of the combined effect of three asymmetric, correlated noise sources is shown in Fig. S3 . The standard deviations of the distributions of fluctuations in difference and sum frequencies indicate that only modest correlations in the noise remain for their combined effect. TABLE S2 . Coupling factors (in MHz/mV) of eight of the surface gate electrodes on our sample to the two qubits.
